ABSTRACT
Introduction

35
In the pursuit of good structural performance, low costs and/or a large floor space in modern 36 structures, concrete-filled steel tubes (CFSTs) have been widely adopted as structural 37 elements, such as truss elements in arch bridges and columns in high-rise buildings. In a 38 due to the effect of the steel tube wall. Therefore, the path should be determined in advance to quantify voids in a CFST.
four potential paths that the ultrasonic wave can transmit in a CFST: (1) 
123
In a well-compacted CFST, the ultrasonic wave will travel following Path 1 as shown in 
126 where, t is the thickness of the steel tube wall, D is the outer diameter of the steel tube, νs is 127 the ultrasound velocity in steel, and νc is the ultrasound velocity in concrete.
128
In a CFST with a void, the potential ultrasound travel paths are Paths 2, 3 and 4 as shown in CFSTs.
151
In the case of the first-category void, the thicknesses of spacer d were 3.0, 4.5 and 7.0 mm can be seen that void area increases with height.
160
In the case of the second-category void, the thicknesses of spacer d were 10, 30 and 50 mm Therefore, it can be assured that the ultrasound travel path in the well-compacted area of the
194
CFST specimens is Path 1 as illustrated in Fig. 1 (a) . respectively. However, by comparing with the experimental results in Table 2 , the theoretical CFST. If the ultrasonic waves transmit along Path 2, the theoretical travel time can be 216 calculated using Eq. (2), which is listed in Table 3 . It should be noted that according to Eq.
217
(2), the void has no effect on the calculated results as the ultrasound bypasses the void, 218 therefore, the theoretical travel time should be the same for specimens NT-1. -2 and -3.
Comparing the highlighted data in Tables 2 and 3 , it can be seen that both the distribution 
Ultrasound travel in CFSTs with the second-category voids
225
The same analysis method is adopted for the investigation of ultrasoud transmission in
226
CFST specimens with the second-category voids. In this case, two testing sections, H and G,
227
were investigated for each specimen and the measured ultrasound travel time in specimen
228
NT-4, -5 and -6 are listed in Table 4 . It can be seen that the distribution of enlarged values of Table. 4. If the ultrasound travels along Path 2, the theoretical 237 travel time can be calculated using Eq. (2), which are listed in Table 5 . Compared with the 238 highlighted data in Table 4 , it can be seen that both the distribution and values of the 239 highlighted data in the two tables have a reasonable agreement, which indicates that the 240 ultrasound does travel along Path 2 in the CFST specimens with the second-category voids.
It should be noted that, in general, the ultrasound travel time obtained from experiment is a 242 bit greater than the corresponding theoretical ones for CFST specimens for both categories 243 of voids. Particularly, the experimental data becomes increasingly larger when the testing 244 points are close to the edge of void areas, such as the testing points NT-5-H-9 and NT-1-D-8.
245
By examining these areas, it can be found that, usually, there exists an imperfect contact 246 between the steel tube and concrete, e.g. loose and porous concrete filled inside. However, should be re-fined so that the smooth edge of the void can be obtained. In this study,
268
each grid derived from the previous step is divided into 50×50 grid nodes, making 269 the half-cylinder be divided into 400×600 grid nodes. shows a reasonable agreement with respect to the positions and geometries of the voids.
290
To study the effects of concrete age using the chromatogram, similar tests were conducted 291 on the CFST specimens at the ages of 7, 28 and 90 days with the results presented in Fig. 9 .
292
Although the color is slightly different in the chromatograms, the geometries of the detected 293 voids are almost the same, suggesting that concrete age has little effects on the 294 determination of voids, so that the chromatogram method proposed in this study can be 295 employed for detecting the voids in CFSTs both under construction and in service.
296
In practical engineering, detecting the voids more effectively and at the lowest possible cost 297 is of prime importance. Therefore, it is necessary to study the effects of the number of 
301
When 4 couples of testing points are adopted, the obtained chromatogram of the void area is 302 blurred and spread (see Fig. 10 (a) ). The height of the void can be determined roughly, but specimens (see Fig. 10 (b) . When the testing points increase to 12 couples, the derived chromatogram has a better agreement with the experimental results (see Fig. 10 (c) ).
308
However, compared with Fig 10 (b) , the improvement in Fig 10 (c) is not significant.
309
Therefore, it is concluded that 6 couples of testing points can appropriately meet the 310 requirement of void detection in practical engineering.
311
It is worth pointing out that the symmetrical ultrasonic testing and the imaging methods can 312 be used only in the case that the ultrasonic wave travels along Path 2 shown in Fig. 1, i. e., Table 6 ). Therefore, the minimum/maximum sizes 322 of voids that can be detectable depend on the diameter of CFST cross-section. In case of 323 smaller CFST, the minimum /maximum sizes of voids that can be detected are smaller. In 324 contrast, the sizes are greater for a bigger diameter CFST. Taking the CFST used in this 325 study as an example, the minimum size of void that can be detected is 20.7 mm.
326
Considering that the concrete strength grade for CFSTs should be greater than C50 for the 327 purpose of maximizing their advantages in structures, the corresponding maximum central 328 angle can be greater than 110°. Therefore, the symmetrical ultrasonic testing and imaging methods are effective and suitable for the detection of de-bonding voids in the CFST 330 members.
331
Moreover, the scope of the void is determined by the actual ultrasound travel path, therefore,
332
the shape of the void will affect the measurement in certain case. For example in Fig 1(b) ,
333
the ultrasound travel between Points B and A' of concrete is not along a line, i.e. the void 334 enters the area surrounded by Line BA' and Arc BA'. In this case, the derived ultrasound 335 travel time will get longer so that the predicted void area will be larger than the actual one,
336
resulting in an over-estimation on the void size.
338
Conclusions
339
In this study, the symmetrical ultrasonic testing method was introduced to detect the 
